Abstract: With use of concrete sleepers increasing for rail-transit applications in the United States, it is becoming more critical to quantify their revenue service flexural demands to improve sleeper design and maintenance practices. Rail-transit concrete sleeper bending moment field data were collected and processed to address topic areas relating to (1) overall field bending moment magnitude relative to design moments; (2) moment variation from sleeper to sleeper resulting from support conditions; and (3) seasonal variations in moments. Data from field locations on light and heavy rail-transit properties show levels of reserve flexural capacity (factors of safety) that reach as high as 6, significant sleeper-to-sleeper variability attributable to support conditions that can be as high as 100%, and seasonal variation in bending moments that is measurable but far lower than daily variability caused by temperature by a factor of 2. These data provide a valuable baseline for the future generation of mechanistic design standards for track infrastructure components.
Background and Introduction
Ballasted track is the dominant type of track used for railway infrastructure throughout the world, and it typically consists of the rail, fastening systems, sleepers, ballast, subballast, and subgrade (Hay 1982) . Currently in the United States, concrete is the second most common material used in the manufacture of sleepers, but concrete is the dominant sleeper material used in many other locations throughout the world (Railway Technology 2017; Van Dyk 2014) . Because of the increased flexural strength, ductility, and resistance to cracking produced by pretensioned steel wires (Naaman 2004) , prestressed concrete is the most common manufacturing method used to generate flexural rigidity to withstand the demanding loading environment imparted by passing trains. Additionally, prestressed concrete sleepers are commonly used in rail-transit applications because of their improved ability to maintain track gauge and the limited time that track is available for maintenance activities (McHenry and LoPresti 2016; Van Dyk 2014; Zeman 2010) .
Although useful input data for the mechanistic design (Van Dyk et al. 2013 ) of concrete sleepers in heavy axle load (HAL) freight systems were documented in earlier research efforts (Edwards et al. 2017a ), additional effort is required to generate a robust data set for rail-transit loads, bending moments, and displacements. At present, many design practices used for rail transit are borrowed from HAL freight railroad engineering; thus, the potential for incorrect and inefficient application of these standards exists. This potential inefficiency (i.e., overdesign) is being addressed through a research effort aimed specifically at rail-transit infrastructure funded by the Federal Transit Administration (FTA), with the objective of mechanistically designing track components based on actual field-loading conditions.
Most of the overly conservative designs have resulted in reasonable service lives to date, but future systems could be optimized to provide economies for new track construction and renewal activities. However, challenges can emerge from concrete sleepers that have been overdesigned with unnecessarily high levels of prestress, contributing to brittle failures (Windisch 1970) . Additionally, striving for concrete with unnecessarily high levels of compressive strength could also contribute to premature brittle failures of sleepers (Gettu et al. 1990 ) and necessitate the use of premium (and more costly) mixture designs. Finally, prestress forces have been known to generate bursting stresses around wires or strands that leads to sleeper end cracking (Mayville et al. 2014) , and reduction of these stresses would likely mitigate this type of bursting failure. Although the extent of the aforementioned concerns remains to be quantified, there is a clear economic benefit to designing and manufacturing sleepers that are optimally sized in terms of the cost savings for the component itself and the equipment needed to transport and install sleepers.
Although the design of prestressed precast monoblock sleepers has many different facets (e.g., including materials selection, economic impact, overall performance criteria, etc.), the flexural design is widely considered to be the most critical design element given its linkage to the structural integrity of the sleeper. Beyond quantifying bending moment magnitude, which could be incorporated into future mechanistic designs (Van Dyk et al. researchers and practitioners are interested in understanding the variability in flexural demands from sleeper to sleeper to aid in planning and prioritizing tamping operations. Additionally, variability in temperatures can impact bending moments in the field , and the authors desire to quantify the seasonal variation in bending moments that can be expected on rail-transit systems. Flexural reserve capacity (i.e., ratio between sleeper design capacity and moment observed) and seasonal variability of moments have the potential for being more pronounced in the rail-transit loading environment because of the ratio between the average wheel loads and flexural resistance of sleepers being lower than those seen in the HAL freight environment. In other words, seasonal and other sources of variation that are independent of load may be more critical in rail-transit applications than those observed in HAL freight service (Wolf 2015; Wolf et al. 2016) because of the distinctly different loading magnitudes yet similar sectional moduli of the sleepers.
To address the aforementioned topic areas of sleeper flexural reserve capacity quantification, sleeper-to-sleeper variability, and seasonal variation of moments, concrete surface strain-gauge instrumentation was deployed in the field on both light and heavy rail-transit systems. This method was previously developed, deployed, and validated by the University of Illinois at UrbanaChampaign (UIUC) and has proven useful in answering similar questions for HAL freight applications (Edwards et al. 2017b ).
Methodology

Instrumentation Technology: Concrete Surface Strain Gauges
Researchers have previously undertaken projects using either embedded or surface strain gauges to quantify field bending moments of concrete sleepers (Edwards et al. 2017a; Kerokoski et al. 2016; Mayville et al. 2014; Venuti 1990 Venuti , 1970 , which were summarized by Edwards et al. (2017b) .
Building on these prior experiences, UIUC researchers developed a holistic plan to instrument sleepers and collect reliable bending moment data, which was described by Edwards et al. (2017b) . Using this methodology, data from strain gauges were collected using a National Instruments (NI) compact data acquisition system (cDAQ) (Austin, Texas) (National Instruments 2017; Wolf 2015) . The instrumentation deployed was also designed to be temperaturecompensating to minimize error caused by temperature fluctuations from direct sunlight, shading from passing trains, and seasonal climate conditions. cDAQ signals from the instrumentation were recorded through a NI LabVIEW virtual instrument (VI) (Austin, Texas).
A minimum sampling rate was determined based on the maximum authorized train speed at each field experimentation location and the desired data sampling resolution, where the sampling resolution is the distance the train travels between consecutive samples. The sampling resolution desired for the example application discussed in this paper was 12.7 mm (0.5 in.). Based on these requirements, prior experience, and expert recommendation, the sampling rate was set as 2,000 Hz.
Instrumentation Deployment on Sleeper
Bending strains at critical discrete locations along the length of the sleeper were measured to quantify the flexural behavior of the sleeper under revenue service train loading. As such, concrete surface strain gauges were oriented longitudinally along the chamfer near the top surface of the sleeper. Three strain gauges (labeled A, C, and E) were used on each sleeper, with one applied at each of the two rail seats and one at the center (Fig. 1 ). Additional relevant dimensions and properties for the two types of rail-transit sleepers investigated in this paper are provided in Table 1 , which also include a typical sleeper used in HAL freight service. All three types of sleepers in Table 1 use a prestressing tendon that is 5.32 mm (0.209 in.) in diameter and use similar concrete mixture designs. Specification design capacities in Table 1 refer to the end-user (transit agency or railroad) value that is required to be met or exceeded for flexural strength, and design values are the capacities that are associated with the unique sleeper designs that are supplied by the sleeper manufacturers.
The process of instrumenting sleepers in the field, including the protection of strain gauges, is shown in Fig. 2 and was described in greater detail by Edwards et al. (2017b) . To relate the field-measured strains to a bending moment, calibration factors were generated through laboratory experimentation, as described in the next section.
Laboratory Sleeper Moment Calibration
Laboratory calibration was conducted using the static tie tester (STT) (Fig. 3 ) at UIUC's Research and Innovation Laboratory (RAIL) in the Harry Schnabel, Jr. Geotechnical Engineering Laboratory in Champaign, Illinois. The STT can apply known loads to test the flexural and/or compressive behavior of concrete sleepers. A calibrated load cell is used to monitor the applied loads to relate strain and bending moments.
Calibration of surface strain gauges requires multiple (minimum of three) sleepers of the same design, concrete compressive strength, and approximate age to generate representative calibration factors. Laboratory calibration included rail seat positive and negative bending tests and sleeper center positive and negative bending tests. Moments were applied by loading the sleeper using preestablished standardized testing procedures outlined in the American Railway Engineering and Maintenance-of-Way Association (AREMA) Manual for railway engineering (AREMA 2016). Detailed calibration processes and procedures, including equations to relate laboratory load and strain to field data, have been detailed by Wolf (2015) and Edwards et al. (2017b) .
Field Deployment
Between 2015 and 2017, seven field deployments using this surface strain-gauging technology have been installed by UIUC researchers throughout the United States to answer a variety of questions that require quantification of field concrete sleeper bending moments. The specific field experimentation discussed in this paper was conducted on two ballasted track rail-transit systems, St. Louis MetroLink at East St. Louis, Illinois (hereafter referred to as MetroLink) and MTA New York City Transit Authority (NYCTA) at Far Rockaway, New York, (hereafter referred to as NYCTA). Because of the observed variability in support conditions seen in past field experimentation (Edwards et al. 2017a; Gao et al. 2016; Wolf 2015) , instrumentation was placed on five consecutive sleepers at each field test location (Fig. 4) . Additionally, five sleepers were selected based on the widely accepted theory on the distribution of vertical load to five consecutive sleepers (Hay 1982 ; 
Data Analysis Procedure
To quantify the bending moments that concrete sleepers experience in revenue service, peaks in the strain-gauge signal caused by sleeper bending attributable to a wheel or axle load must be extracted from the data stream collected at 2,000 Hz. This was accomplished using a modified version of the findpeaks function in MATLAB. To improve the performance of this function for this application, several of the built-in options were used, and additional modifications were made to the code that was originally developed by Wolf (2015) . Before the peaks were obtained, the strain signal was zeroed using data captured before the arrival of the first axle, and a linear baseline correction was applied to adjust for any signal drift over the course of a single train pass. As such, data collection was initiated several seconds prior to the arrival of the leading axle to provide a stable zero point for the sleeper under no applied load. Additionally, the data collection was ended several seconds after the final train axle passed to serve as an end point for the baseline correction. To ensure that the true peaks were being captured by the program, as opposed to false peaks that did not represent the extreme strain reading for a given axle pass, a minimum spacing between the peaks was specified and a minimum value for all peaks was set. A low-pass filter was developed and used for the processing of the strain field data. Additional detail on filtering and processing of data was previously documented by Edwards et al. (2017b) . Fig. 5 (left vertical axis) shows an example of a typical straingauge signal for a center gauge for a single MetroLink train pass made up of two six-axle light-rail vehicles (LRVs). The signal was zeroed out and the peaks were numbered in sequence, which were then converted into bending moments using the laboratory moment calibration factors described previously (Fig. 5, right  vertical axis) .
Results
The instrumentation plan described in this paper was deployed for approximately 1 year on each of the two rail-transit properties. In total, 27,092 light-rail train passes were captured by the MetroLink site from March 18, 2016 , until May 19, 2017 , and another 11,597 heavy-rail train passes were captured by the NYCTA site between April 26, 2016, and February 27, 2017. For the duration of these deployments, the instrumentation plan described in this paper proved to be robust. Other field sites have experienced similar successes in terms of instrumentation robustness (Edwards et al. 2017b) . Using these data from MetroLink and NYCTA, UIUC researchers analyzed the bending moments induced by loaded axles from the signals of the center and rail seat strain gauges (Gauges A, C, and E).
Magnitude of Bending Moments and Comparison to Standards and Design Capacities
The concrete sleeper center negative (C−) bending moment percent exceeding distribution for the aforementioned trains are shown in Fig. 6 , which shows both the overall magnitude and variability of moments. It is evident that the variability and range associated with NYCTA moments exceed that of MetroLink, as evidenced by the shallower slope of the NYCTA data. Additionally, similar plots are shown for the rail seat positive bending moments in Fig. 7 , with greater variability and range seen in the NYCTA data. These distributions are also shown in comparison to the specifications and design capacities for both rail seat positive and center negative cracking, which are most commonly based on limits generated using AREMA recommended design practices (AREMA 2016) . These values, generated using AREMA (2016), define a threshold that a bending moment that would need to exceed before a crack propagates to the first level of prestress.
None of the sleeper bending moments recorded reached the specification or design limit shown with vertical lines (Figs. 6  and 7 ). This is especially evident at the rail seats because the 95th percentile rail seat positive (RS+) moment values were less than 10% of the 20.2 kN · m (179 kip · in:) and 28.2 kN · m (250 kip · in:) specification limits for sleeper flexural design for MetroLink and NYCTA, respectively. When combined with high estimates for input wheel loads in design specifications, AREMA recommendations can significantly overestimate the flexural demand at the sleeper rail seat (Fig. 7) . Compared with RS+ moments, 95th percentile C− bending moments were closer to the specification values, reaching as much as 50% of the 16.3 kN · m (144 kip · in:) and 19.0 kN · m (168 kip · in:) values for MetroLink and NYCTA, respectively. This indicates that center bending conditions may govern the design in terms of factors of safety (AREMA 2016) (Fig. 6 ). This finding is also in agreement with a previous survey of industry experts, which suggested that center cracking of concrete sleepers was more commonly seen in the field, albeit in HAL freight railroad applications (Van Dyk 2014) . This type of failure may be preferable to infrastructure owners given it is more easily detected through visual inspection.
Additionally, when dividing the design capacity of the sleeper at the center or rail seat by the observed field moments at varying percentiles, a measure of reserve capacity is generated (Table 2) . Current sleeper designs, even when compared with the maximum bending moments experienced in the field, have a reserve capacity exceeding 3.2 in RS+ bending for MetroLink and exceeding 1.7 in C− bending for NYCTA. These respective reserve capacity factors further increase to 7.6 and 2.1 when considering 95th percentile bending moments.
Reserve design capacities are consistently higher for MetroLink than NYCTA. There are a variety of factors that could influence this including the sleeper design and its related assumptions, the input rail seat loads (largely a function of wheel health/maintenance) and the sleeper support conditions (largely a function of track health/ maintenance).
Of additional interest is the fact that positive center moments were captured on MetroLink and negative rail seat moments were captured on NYCTA, hence the negative values of reserve design capacity, indicating that the opposite moment was recorded (e.g., rail seat negative and center positive). Although these values are not often expected under field loading conditions, they do occur, and this paper's data provide insight regarding the frequency of these moments, which are not always considered in design specifications. It is interesting that the lowest reserve capacity ratios are found for RS− as opposed to RS+ for NYCTA and for C+ as opposed to C− for MetroLink. These apparent contradictions of conventional wisdom are attributable to the specific support conditions that were present, with the MetroLink sleepers being wellsupported at the rail seat and NYCTA sleepers having more support at the center, as evidenced by the high C− bending moments. Furthermore, this finding can provide a method for future estimation of support conditions and process to infer whether center binding is present.
Sleeper-to-Sleeper Moment Variability
A critical question that researchers are desirous of addressing is what the degree of variability exists among bending moments collected from consecutive sleepers. This question has been addressed in earlier researches aimed primary at the HAL freight environment (Edwards et al. 2017b ), but no work to date has been aimed at rail-transit concrete sleepers and operating conditions. Figs. 8 and 9 show the distribution of C− and RS+ bending moments, respectively, under MetroLink light rail-transit loading for the seven sleepers and 14 rail seats. Figs. 10 and 11 show the same distributions under heavy-rail traffic on NYCTA. With the exception of one rail seat's bending moment distribution (Sleeper 5-A), the sleeper-to-sleeper variability of the bending moments experienced on MetroLink was as low as 10%. The variability of the bending moments at both the rail seat (RS+) and sleeper center (C−) are considerably higher at NYCTA, reaching as high as 100%. This range in variabilities may be caused by, in part, different support conditions that are generated by unique track deterioration rates attributable to static railcar axle loads on NYCTA, which are approximately twice the magnitude of MetroLink. Additionally, not only are the wheel loads lower on MetroLink, but the line is of newer construction dating to 2003 and has required little (if any) tamping activities since construction.
For both sites and rail-transit modes, it is evident that there is higher variability among the RS+ bending moments than the C− moments. This is likely attributable to the fact that the rail seat moments are the first location in which wheel loads are accepted by the sleeper and are apt to encounter irregularities in wheel health and dynamic loading conditions that are less pronounced at the sleeper center (Wolf 2015) .
Seasonal Effect on Bending Moments
Temperature-induced curl of the sleeper attributable to varied temperatures on the top and bottom (i.e., temperature gradient) has been shown to impact the flexural demand placed on the sleeper . Initially, curl was found to change over the course of the day as the temperature gradient changed, which was found in both laboratory and field settings (Wolf 2015) . Temperature gradients were also found to fluctuate over the course of the year under HAL freight operations, and these changes affected the bending moments induced in the concrete sleepers (Wolf 2015; Wolf et al. 2016 ), a behavior similar to that which has been noted in rigid-pavement applications (Beckemeyer et al. 2002) .
For the rail-transit domain, Fig. 12 shows the seasonal variation of bending moments throughout a year of data collection at MetroLink, with single data points representing the average of a train pass over the site. Fig. 13 shows similar data for NYCTA. These data represent only one sleeper at each field testing location for graphical clarity, but the sleeper selected was indicative of the overall behavior observed at each site.
Seasonal variation is further demonstrated by extracting the daily average for each for each of the center gauges on the two rail-transit systems, shown in Figs. 14 and 15 for MetroLink and NYCTA, respectively. The variation in absolute bending moment values seen in Fig. 15 maps to the variability that was seen at the NYCTA field site as discussed in earlier.
The daily average train pass fluctuations in bending moments ranged by as much as 3.3 kN · m (30 kip · in:) and 4.5 kN · m (40 kip · in:) for MetroLink and NYCTA, respectively. Based on results from the two field sites with their specific support conditions, the daily fluctuations in C− bending moments caused by temperature exceed the seasonal variability by a factor of approximately 2. Figs. 14 and 15 also demonstrate a clear seasonal trend, with higher absolute center negative bending moments being applied during the winter months because of the widely-accepted theory of the track being stiffer during cold weathers (Cai et al. 1994) . Additionally, although not investigated in this phase of research, the authors acknowledge deterioration as another factor that could impact the long-term flexural behavior of sleepers.
Conclusions
This concrete surface strain-gauge instrumentation methodology and deployment was successful in measuring bending strains and resulting moments experienced by a two rail-transit modes in the United States. Through field deployments on MetroLink (light rail) and NYCTA (heavy rail), the following questions were addressed to aid in the future mechanistic design of concrete sleepers for rail-transit applications:
• What is the magnitude of flexural demands placed on sleepers, and how do these compare to specifications and standards in terms of residual capacity? The magnitude of maximum center negative bending moments ranged from 2.8 kN · m (25 kip · in:) on MetroLink (light rail) to 13.5 kN · m (120 kip · in:) on NYC-TA (heavy rail). Significant residual capacity was found, and considering the 99% percentile bending moments, residual load factors of approximately 6 and 2 were found for light and heavy rail-transit systems, respectively; • Do the bending moments experienced by concrete sleepers on rail-transit systems vary from sleeper to sleeper? Yes, ranging from as little as 10% for C− bending on MetroLink to as much as 100% on NYCTA. This is a similar finding to that previously demonstrated in the HAL freight loading environment. Sleeperto-sleeper variability between the two transit modes was also quite different, with the greatest variability associated with center negative bending moments found on NYCTA, which experienced higher loads and differing maintenance practices; and • Do seasonal effects have an influence on the flexural demands of concrete sleepers? Seasonal effects were observed, but these effects were found to be overshadowed by daily fluctuations in bending moments caused by temperature-induced curl in the sleeper by a factor of 2. This phenomenon seemed to be similar, but more pronounced, than earlier findings from HAL freight railroad instrumentation deployments. 
